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Emerging new technologies can harvest energy from waste sources, i.e., vibration, heat, and 
light. Even though mechanical sources do not provide high power density, it is quite enough 
to light some LED lamps in terms of the vibration energy harvesting (VEH) application.  
From several energy conversion mechanisms, such as piezoelectric, electromagnetic, and 
electrostatic systems, we chose an electret transducer for electrostatic system to achieve low 
weight and compatible to paper structure. Electret that has quasi-permanent charge which 
consists in the condenser microphone model was introduced to the out-of-plane vibration 
technique. The vibration of the plates creates a change in the distance between them which 
changes the capacitance and thus the sound wave is converted into an electrical current. This 
type has a merit of high enough flexibility in mechanical design using paper and PTFE sheets. 
Paper is neutral in terms of electrical charge, and a PTFE sheet acts as an electret. This 
electret is a dielectric material with a permanent negative electric field that is achieved by 
rubbing it with another paper or corona treatment. 
Paper, formed as a cellulosic fibers network, has been recognized as an eco-friendly and 
sustainable material. It has some advantages such as light weight, flexibility, and low cost. 
Paper, due to hydroxyl groups of cellulosic fibers, tends to have negative charge in spite of 
neutral surfaces. Thus, electrostatic induction is suitable for VEH. Therefore, it has to fulfill 
the concept of electrostatic vibration energy harvesting system, which has 1) two electrodes 
called “guard and collector” electrodes, or “moving and static” electrodes, or “dynamic and 
static” electrodes, etc. that has potential differences to obtain charge movement, 2) a 
generator called “electret”, that is a dielectric material that has a quasi-permanent electric 
charge or dipole polarization., 3) a proof or mobile mass, and 4) a spring system to generate a 
resonance phenomenon. 
This research studies vibration sources, convert the vibration to electricity by electrostatic 
induction, and applies it to electronics as a power source. The vibration energy was evaluated 
using an electret microphone condenser with nonwoven cloth for protection from dust and 
airflow noise. The various types of paper were tested as substitutes of the nonwoven cloth to 
evaluate the effect of the paper types on vibration energy transfer. 
Paper-based triboelectrostatic power generators (TriboEG) are being developed to supply 
low-power consumption actuators in the same device with electric power converted from 
environmental noises. The purposes of this research are 1) to clarify the relationship between 
vibration damping and the mechanical properties of paper in order to realize efficient power 
generation by preventing vibration damping; 2) to convert sonic waves into electric energy 
using vibration generator and manual strokes. 
This study reports the trial simulation data for future application of paper vibration due to 
environmental noises as an energy source with voltage obtained from a prototype paperboard 
TriboEG. In this system, the weight and elasticity of paper in itself funct ion as a proof mass 
and spring, respectively. During vibration, the paper keeps energy and it immediately 
transfers to electricity via electrostatic induction. 
Vibration damping was evaluated by measuring the sound power level of acoustic waves 
traveling through various types of paper in the thickness direction. The resulting sound power 
level was not related to the in-plane specific Young’s modulus of paper. However, it 
decreased with increasing paper thickness because longitudinal waves being transmitted 
through paper lose vibration energy along the traveling distance because of compression in 
the thickness direction. Furthermore, laboratory sheets were subjected to concurrent 
measurements of the sound power level and  in-plane Young’s modulus with an ultrasonic 
tester. The in-plane specific Young’s modulus was confirmed to be a key parameter affecting 
the sound power level because the propagating surface waves travel in the in-plane direction 
and they were transverse waves with in -plane compression. Regarding papermaking 
materials, there was no difference in vibration damping tendency between hardwood and 
softwood bleached kraft pulps. 
Electric energy could be generated using a simple TriboEG with paperboard as a vibration 
transmission medium and PTFE as an electret. Based on the dual wave nature of sound in 
which longitudinal and transverse waves propagate in a solid material, two types of TriboEGs  
are established in: 1) the out-of-plane without any comb-shaped pattern which is effective for 
realizing a high surface potential and 2) in-plane modes with comb-shape pattern represented 
by sliding and rotating types. These TriboEG systems successfully generated voltage of 3.5 V 
at a forced vibration frequency of 46 Hz and output power 11.8 µW at 2 MΩ load resistance 
both in the out-of-plane direction of the paperboard vibration. The other type of TriboEG 
momentarily generated a voltage amplitude of 8.2 V and 8.684 nW at low frequency of 3 – 4 
Hz with manual strokes in the in-plane direction of the paperboard vibration. These results 
suggest that it is possible to harvest vibration energy from both longitudinal and transverse 
waves in environmental sound sources such as noise and the human voice. The practical 
displacement of paper surfaces due to sonic wave propagation is small even for transverse 
waves; however, microelectrodes and microelectrets printed on two sheets of paper with 
smoothly finished surfaces at a high resolution could be an electric power source for 
microelectronics in the future. 
